ABSTRACT In this paper, broadband stub bandpass filters (BPFs) with very compact circuit sizes are proposed. Specifically, the circuit size of the conventional broadband stub BPF is largely reduced by replacing all transmission line sections with bridged-T coils. In addition, the design consideration regarding the use of cascaded bridged-T coils is investigated in detail. The proposed broadband BPF designs are based on lumped elements only, and they can be implemented using the integrated passive device process to achieve very compact circuit sizes. As an example, a miniature 7th-order broadband BPF with a passband from 4 to 12 GHz, which is to be used at the mixer's IF output of a radio astronomical receiver, is presented. The in-band insertion loss is within 2.46 ± 0.46 dB and the circuit size is only 2.30 mm × 2.03 mm. The long-lasting problem of large circuit size for conventional stub BPFs is thus solved.
I. INTRODUCTION
Broadband bandpass filter (BPF) design at microwave frequencies is required in many practical applications. As an example, the Band-1 (35−50 GHz) receiver of Atacama Large Millimeter/submillimeter Array (ALMA) features a wide IF bandwidth from 4 to 12 GHz [1] . A broadband IF BPF with a passband from 4 to 12 GHz is thus required at the mixer's IF output. In addition, the design of ultra-wideband (UWB) BPF with a passband from 3.1 to 10.6 GHz still gathers much research attention in recent years, and various improved designs of UWB BPF with smaller circuit size and better stopband rejection have been proposed [2] - [9] . Conventionally, a broadband BPF design can be easily achieved by the stub BPF structures shown in Fig. 1 (a) and 1(b) [10] . Especially, several highly-selective UWB BPFs [11] - [13] have been successfully achieved using the optimal distributed highpass filter structure shown in Fig. 1(b) , which is essentially a wideband BPF. When designing it as a BPF, the optimal distributed highpass filter is composed of quarter-wavelength (λ/4) short stubs and half-wavelength (λ/2) unit elements between the shunt short stubs, and it is optimum in a sense that its unit elements and connecting lines are all non-redundant. As a result, a broadband BPF with high selectively can be achieved with a fewer number of stubs when compared with the stub BPF with λ/4 shunt stubs and λ/4 connecting lines in Fig. 1(a) [10] . Due to the requirement of multiple transmission line sections of λ/4 or λ/2 long, the two stub BPF structures in Fig. 1 both exhibit a very large circuit size. For the design of ALMA Band-1 receiver front end, a compact IF BPF is required because the receiver cartridge has limited space. In [14] and [15] , bridged-T coils (BTCs) are used to realize wideband multi-mode resonator (MMR) BPFs with very compact sizes. The BTC [16] , [17] can be regarded as a wideband lumped-element equivalent of a transmission line. As a result, when replacing all transmission line sections of the MMR with BTCs, the frequency response remains almost unchanged while the circuit size is largely reduced. Specifically, the UWB BPF in [15] features a very compact chip size of only 0.88 mm×0.88 mm. However, the compact MMR BPF designs in [14] and [15] are only third-order ones, and they cannot be easily extended to higher order filters for better selectivity because the synthesis method of higher order MMR BPF is not well established yet. In this paper, to achieve a compact and highly selective IF BPF for the ALMA Band-1 receiver front end, the BTC in Fig. 2 is used to largely reduce the circuit sizes of conventional broadband stub BPFs. In addition, the design considerations regarding the use of cascaded BTCs is investigated in detail. The 7th-order stub BPF filter structure is chosen as the basis to achieve good frequency selectivity while a silicon-based integrated passive device (IPD) is used for chip implementation. Fig. 1(a) is the conventional 7th-order stub BPF with λ/4 shunt stubs and λ/4 connecting lines. It can be easily designed for a given specification according to the design procedures in [10] and [18] . Considering a passband from 4 to 12 GHz and a reference impedance Z 0 = 50 , the required line impedances for a 0.1-dB Chebyshev response can be obtained as: Fig. 3(b) , and a 7th-order bandpass response is obtained as expected.
II. FILTER DESIGN

Shown in
According to Fig. 1(a) , this 7th-order stub BPF exhibits a large circuit size of 3λ/2 × λ/4 at f 0 = 8 GHz. In order to largely reduce the circuit size, BTCs are utilized to replace all the λ/4 transmission line sections in Fig. 1(a) . The resulted filter structure is illustrated in Fig. 3(a) , in which each BTC has a circuit structure as shown in Fig. 2 . Based on the line impedances and line lengths of the original stub BPF, the required L and C values of all BTCs in Fig. 3(a) can be solved by using the analytical design equations in [19] , which are rearranged as the simpler form shown below: 
, so (1) to (4) can be further modified as:
Here, f a = 3.5 GHz and f b = 12.5 GHz are selected to solve for the L and C values so as to ensure the BTC-based equivalent transmission lines can support a bandwidth covering the required filter passband from 4 to 12 GHz. The L and C values of each BTC can then be calculated using (5) to (8) and the results are given in Table 1 . The circuit simulated frequency response of the resulted BTC-based stub BPF is compared with that of the conventional design in Fig. 3(b) . The two frequency responses are identical at 3.5 and 12.5 GHz, and they are approximately the same around the filter's passband, indicating that the bandwidth of BTC is indeed large enough to cover the required passband. Notably, since the BTC-based stub BPF in Fig. 3 (a) utilizes lumped elements only, its circuit size can be much smaller than the conventional stub BPF in Fig. 1(a) .
Similarly, the BTC should be able to largely reduce the size of the conventional optimal distributed highpass filter as shown in Fig. 1(b) . The optimal distributed highpass filter in Fig. 1(b) is composed of four λ/4 shunt stubs (n = 4) and three λ/2 connecting lines, which is capable of achieving a 7th-order bandpass response. Its design procedure for a given specification has been well established [10] . Here, in order to achieve a passband from 4 to 12 GHz, the center frequency f 0 is set as 8 GHz and θ C = 45 • (or π /4) is chosen. The resulted passband will be from f 0 × θ C /(π /2)
GHz. This optimal distributed highpass filter is designed with a 0.1-dB equalripple passband and the normalized line admittances required can be obtained by extrapolating the values for n = 4 in [10, Table 6 Fig. 4(b) , and the desired 7th-order bandpass response is observed. Again, this 7th-order BPF exhibits a large circuit size of 3λ/2×λ/4 at f 0 = 8 GHz, and we should be able to reduce the circuit size by replacing all its λ/4 and λ/2 transmission line sections with BTCs. The resulted circuit model is shown in Fig. 4(a) . The required L and C values for each BTC can be obtained using (5)- (8) and the results are given in Table 2 . Here, f a = 3.5 GHz and f b = 12.5 GHz is again chosen in solving the element values so as to achieve a good match with the original transmission-line based BPF across the passband. As shown in Fig. 4(b) , although the BTC-based BPF features exactly the same S 11 and S 21 as the optimal distributed highpass filter at 3.5 and 12.5 GHz, it does not exhibit a good in-band response and the input matching is rather poor. This is much different from the case in Fig. 3(b) in which the BTC-based stub BPF features almost the same frequency response as its transmission-line based counterpart.
The poor performance of the BTC-based BPF as observed in Fig. 4(b) is due to the limited bandwidth of BTC. According to [20] , the BTC exhibits a bandwidth up to an electrical length of π . As a result, the 180 • BTC in Fig. 4(a) cannot support the required bandwidth for its equivalent electrical length at 12.5 GHz is already 281.25 • . This can be examined in detail by comparing the frequency responses of the ideal λ/2 transmission line and the corresponding 180 • BTC in Fig. 5 . Here, the transmission line section Z 12 in Fig. 1(b) with a characteristic impedance of 54. 15 and an electrical length of 180 • at f 0 = 8 GHz is used as an example. The L and C of the corresponding BTC, i.e., 180 • BTC_1 are those listed in the second row of Table 2 , which are solved with f a = 3.5 GHz and f b = 12.5 GHz. According to Fig. 5(a) Fig. 5(b) . However, its insertion phase responses deviates a lot from that of the ideal λ/2 line between these two frequencies, such that its equivalent electrical length becomes far from the desired value of 180 • at f 0 = 8 GHz. In addition, it does not exhibit good linearity as can be told from the group delay response given in Fig. 5(c) . These give rise to the poor in-band response of the BTC-based BPF design as observed in Fig. 4(b) . Alternatively, if the two frequencies used to solve for the L and C values (i.e., f a and f b ) are closer to f 0 , the accuracy in equivalent electrical length of the 180 • BTC around f 0 can be much improved. By setting f a = 7. Fig. 4(a) , the resulted BTC-based optimal distributed highpass filter still does not exhibit the desired frequency response. As shown in Fig. 6 , although a better in-band response is obtained with these new 180 • BTCs, the bandwidth of the resulted BPF becomes much larger than the original transmission line-based design in Fig. 1(b) .
FIGURE 6.
Comparison of circuit simulated frequency responses between the conventional optimal distributed highpass filter in Fig. 1(b) and the BTC-based design in Fig. 4(a) . For the BTC-based design, f a = 7. The abovementioned problem with the size reduction of an optimal distributed highpass filter using BTCs can be tackled by employing the cascade of multiple BTCs. As shown in Fig. 7(a) , if each λ/2 unit element between the shunt stubs in Fig. 1(b) is realized with the cascade of two 90 • BTCs, the bandwidth of the resulted BTC-based equivalent transmission line can be extended to 2f 0 = 16 GHz, which is enough to cover the passband of this optimal distributed VOLUME 6, 2018 highpass filter design. Also, if the cascade of four 45 • BTCs is employed instead as shown in Fig. 7(b) , the bandwidth can be further extended to 4f 0 . This can be verified by comparing the frequency responses of the ideal λ/2 line and the cascade of BTCs as shown in Fig. 8 , in which the ideal λ/2 line of characteristic impedance Z 12 = 54.15 is again used as an example. In order to achieve a good match to the ideal λ/2 line within the filter's passband, f a = 3.5 GHz and f b = 12.5 GHz are used to solve for the L and C values of these BTCs. For the 90 • BTC with an equivalent characteristic impedance of 54.15 , its element values are given in the second row of Table 3 . For the 45 • BTC with an equivalent characteristic impedance of 54.15 , its element values are those in the second row of Table 4 . According to Fig. 8(a) , both the cascade of two 90 • BTCs and the cascade of four 45 • BTCs are well matched to 54. 15 as desired. Notably, both of them exhibit an insertion phase response almost identical to that of the ideal λ/2 line between 3.5 and 12.5 GHz. In addition, both of them feature a much more linear frequency response compared to those 180 • BTCs in Fig. 5 according to Fig. 8(c) . Especially, the cascade of four 45 • BTCs features the largest bandwidth as expected. Its frequency response is in very good agreement with the ideal λ/2 line up to 20 GHz.
Therefore, the poor performance of the BTC-based optimal distributed highpass filter in Fig. 4(a) can be much improved by employing the cascade of BTCs of a smaller equivalent electrical length as shown in Fig. 9 . Specifically, the BTC-based optimal distributed highpass filter in Fig. 9(a) uses two 90 • BTCs in cascade to replace each λ/2 unit element and one 90 • BTC to replace each λ/4 shunt stub. On the other hand, the BTC-based optimal distributed highpass filter in Fig. 9(b) uses four 45 • BTCs in cascade to replace a λ/2 unit element and two 45 • BTCs to replace each λ/4 shunt stub. The corresponding element values are given in Table 3 and 4, and the circuit simulated frequency responses are given in Fig. 10 . Both of the two BTC-based optimal distributed highpass filters feature almost identical in-band frequency responses as the conventional design in Fig. 1(b) , while the response of the 45 • BTC-based design is well matched to the conventional design up to 20 GHz. 
FIGURE 10.
Circuit simulated results of the two BTC-based optimal distributed highpass filter designs in Fig. 9 and the conventional design in Fig. 1(b) . f a = 3.5 GHz and f b = 12.5 GHz are used in solving the element values of BTC.
Notably, although the 45 • BTC-based design in Fig. 9(b) requires twice as more BTCs as compared to the 90 • BTC-based design in Fig. 9(a) , the L and C values of each 45 • BTC are smaller so the total filter size will not increase. The size reduction of conventional optimal distributed highpass filter can thus be successfully achieved with these BTC-based designs. 
III. FILTER IMPLEMENTATION
Comparing the BTC-based filter designs in Fig. 3 and Fig. 9 , the two designs in Fig. 9 requires a fewer number of stubs so they may exhibit lower insertion loss in practice. In addition, although the insertion loss response of the 90 • BTC-based filter design in Fig. 9(a) is not as close to the conventional optimal distributed highpass filter as the 45 • BTC-based design in Fig. 9(b) , it features better stopband rejection at 20 GHz. Therefore, the 90 • BTC-based optimal distributed highpass filter as shown in Fig. 11 is selected to implement the proposed 4-12 GHz BPF for ALMA Band-1 receiver.
Here, in order to achieve a passband from 4 to 12 GHz, the center frequency f 0 is set as 8.2 GHz and θ C = 40 • (or 0.22π) is chosen. The resulted passband will be from f 0 × θ C /(π/2) = 3.64 GHz to f 0 × (π − θ C )/(π/2) = 12.75 GHz. The slightly wider passband of the lossless filter design is to ensure that the fabricated filter would properly cover the required passband of 4 to 12 GHz. Also, the slighter higher f 0 can help reduce the passband insertion loss around the BPF's upper cutoff frequency. The proposed filter is designed with a 0.1-dB equal-ripple passband and the normalized line admittances required can be obtained by extrapolating the values for n = 4 in [10, Table 6 Based on the above line impedances, the required L and C values of each 90 • BTCs in Fig. 11 can then be calculated using (5) to (8) . In order to examine how the selection of f a and f b affects the filter's frequency response, four sets of (f a , f b ) are used in solving the element values of BTC and the VOLUME 6, 2018 results are given in Table 5 Fig. 12(a) , a very good match to the conventional optimal distributed highpass filter around f 0 = 8.2 GHz is obtained. However, the accuracy in passband bandwidth is not very good. As f a and f b move closer to the passband edges, a better agreement in passband bandwidth can be obtained with a slight discrepancy on the inband return loss response and the out-of-band insertion loss response. With (f a , f b ) = (1 GHz, 15 GHz) in Fig. 12(d) , a better matching of the out-of-band rejection is obtained at the expense of larger error in passband bandwidth. Therefore, the design with (f a , f b ) = (3.5 GHz, 12.5 GHz) in Fig. 12(c) is selected for circuit implementation.
The proposed filter is implemented using the silicon-based IPD process provided by the Advanced Furnace Systems Corp., and its simplified layer structure is shown in Fig. 13(a) . Each BTC in Fig. 11 is realized in IPD by the combination of a center-tapped balanced spiral inductor and metalinsulator-metal (MIM) capacitors according to the layout method detailed in [14] , [15] , and [19] . To determine the geometrical parameters, the full-wave simulated Z -and Yparameters of each BTC in IPD are input into (1) and (4) to extract the equivalent L and C values. The geometrical parameters of the spiral inductors and MIM capacitors are then adjusted accordingly until the extracted L and C values match with the design targets in Table 7 with minimum errors. After the layout designs of all BTCs are completed, they are connected based on the filter circuit model in Fig. 11 . Also, the layout is properly arranged to achieve a compact filter size as shown in Fig. 13(b) .
The photograph of the fabricated filter is shown in Fig. 14 , and it is measured using the on-wafer-probing technique with ground-signal-ground (GSG) probes. The measured and EM simulated results are shown in Fig. 15 . The measured in-band insertion loss is better than 2.92 dB from 4 to 12 GHz with a minimum insertion loss of 2 dB at 7.4 GHz. The slightly larger insertion loss is mainly due to the higher conductor loss caused by the thin conductor traces used for realizing the BTCs. The measured in-band return loss is greater than 16.1 dB. The measured frequency response shifts to a higher frequency as compared with the EM simulated one, which is attributed to the process variation of the MIM capacitors. The in-band group delay in Fig. 15(c) is within 0.283±0.075 ns. Table 9 compares the measured performance of proposed filter with other recent works on miniaturized broadband BPF design of similar fractional bandwidth. The proposed design is smaller than the lumped UWB BPF that is also realized in a silicon-based IPD process [2] . Comparing to the BTC-based MMR BPFs in [14] and [15] , the proposed design is larger in size but it features much better frequency selectivity for the filter designs in [14] and [15] are only 3rd-order ones.
IV. CONCLUSION
In this work, by using BTCs to replace transmission lines and by adopting the IPD process for circuit implementation, a broadband stub BPF with very compact circuit size and good frequency selectivity is achieved. Better frequency selectivity can also be easily achieved by extending the proposed design to higher order ones at the expense of larger circuit size and higher loss. The long-lasting problem of large circuit size for conventional stub BPFs can thus be removed by using the proposed design method.
